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Photomorphogenesis: Phytochrome takes a partner! 
Garry C. Whitelam and Karen J. Halliday
How light signals are transduced by phytochromes is
still poorly understood. Recent studies have provided
evidence that a PAS domain protein, PIF3, physically
interacts with phytochromes, plays a role in
phytochrome signal transduction and might be a
component of a novel signalling pathway in plants.
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Light is a key environmental factor for plants, and it is one
to which they pay due attention. Plants monitor a number
of features of the incident light, such as its intensity,
quality and direction, and use the information to modulate
a number of developmental responses. These include
seed germination, de-etiolation and seedling establish-
ment, architectural changes and flowering onset. The light
signals interact with an endogenous circadian oscillator,
providing plants with a way of monitoring day length
(photoperiod) and anticipating the daily light–dark cycle.
Plant responses to environmental light signals involve the
action of a number of distinct types of photoreceptor.
Probably the best known of these are the phytochromes,
which absorb mainly in the red and far-red regions of the
spectrum. Despite many years of intense study, many
aspects of phytochrome function have remained mysteri-
ous. Progress in understanding how phytochrome signals
are transduced in plants is beginning to be made,
however, as illustrated by the recent identification of a
phytochrome-binding partner that is a putative transcrip-
tion factor and appears to play an important part in phyto-
chrome-mediated light responses in vivo.
Plants contain multiple phytochrome isoforms, the
apoproteins of which are encoded by a small family of
divergent genes. Arabidopsis, for example, has five
phytochromes, termed PhyA to PhyE [1]. All higher plant
phytochromes appear to have the same basic structure,
consisting of homodimers of approximately 124 kDa
polypeptides. Each subunit carries a single, covalently
linked linear tetrapyrrole chromophore, known as
phytochromobilin, which is attached to a conserved cys-
teine residue in the amino-terminal domain of the protein
(Figure 1). Phytochromes are reversibly photochromic,
and interconvert between a red-light-absorbing form,
known as Pr, and a far-red-light-absorbing form, known as
Pfr. Physiological studies indicate that Pfr is the biologi-
cally active form of phytochrome.
Accumulated evidence indicates that the various different
phytochrome isoforms have different, though overlapping,
physiological functions. For example, there is a clear
separation of photosensory activities of PhyA and PhyB.
PhyA mediates seedling de-etiolation in response to either
brief or prolonged far-red light, and plays only a minor role
in seedling responses to red light. PhyB, in contrast, plays
a major role in mediating seedling de-etiolation in
response to brief or prolonged red light, but is not
required for seedling responses to brief or prolonged far-
red light [2,3].
From the time of the discovery of the phytochrome
system, some fifty years ago, the search has been on for
the cellular signal transduction pathway by which light
perception is coupled to the changes in gene expression
and cell physiology that bring about modifications of
growth and development. A major goal has been the iden-
tification of the very earliest steps in the transduction
process, especially the factors that interact directly with
the phytochromes to initiate the signalling process.
Genetic screens for Arabidopsis mutants that are defective
in phytochrome signal transduction pathways, together
with biochemical approaches, have recently identified
some candidate downstream signalling components. 
In an exciting recent development, Quail and colleagues
[4] have identified a protein that interacts directly with
phytochrome and which appears to function in vivo in the
PhyA and PhyB signalling pathways. The factor, called
Figure 1
Structural features of the phytochrome B protein, indicating the positions
of the tetrapyrrole chromophore attachment site, the ‘core’ region in the
carboxy-terminal half of the protein, the two PAS-like domains and the
histidine kinase-like domain (HKLD). The carboxy-terminal portion of the
protein was fused to the Gal4 DNA-binding domain and used as ‘bait’ in
a yeast two-hybrid screen that led to identification of PIF3 as a likely
physiological partner (see text for details).
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PIF3, was identified using the yeast two-hybrid system to
screen an Arabidopsis cDNA library for sequences encoding
proteins capable of interacting with the carboxy-terminal
domain of PhyB (Figure 1). The choice of ‘bait’ was partly
influenced by previous studies indicating that this phy-
tochrome domain plays an important role in initiating
signal transduction. Thus, domain-swap experiments have
indicated that the photosensory functions of PhyA and
PhyB are determined by their amino-terminal domains,
while the carboxy-terminal domains are involved in signal
transfer [5]. Furthermore, the interchangeability of the
carboxy-terminal domains suggested that the signal process
may involve factors common to both PhyA and PhyB. 
The carboxy-terminal domains of PhyA and PhyB comprise
a ‘core’ region, within which missense mutations that lead
to loss of phytochrome activity are clustered [6], and a
region at the extreme carboxyl terminus which bears some
similarity to bacterial sensory histidine kinases [7]. The
‘core’ region overlaps with two regions that are related to
so-called PAS domains: motifs found in a large number of
regulatory proteins typified by the Drosophila clock protein
Per, the mammalian aromatic hydrocarbon receptor nuclear
transporter ARNT and the Drosophila single-minded
protein Sim [8]. PAS domains, which are also found in a
large number of bacterial histidine kinase sensor molecules,
have been shown to mediate protein–protein interactions
and, in some cases, to function as ligand-binding domains.
With the PhyB carboxy-terminal region as bait, the two-
hybrid screen carried out by Quail and colleagues [4]
yielded several putative phytochrome-interaction part-
ners, including PIF3. Further analysis of PIF3 showed
that it did not interact with control proteins, but did inter-
act with the carboxy-terminal domains of rice PhyB and
Arabidopsis PhyA. Importantly, using a quantitative assay
for the interaction, it was shown that missense mutations
in the PhyA and PhyB ‘core’ regions that are known to
cause loss of phytochrome activity in vivo significantly
impaired the interaction with PIF3.
To assess the biological significance of the interaction
between PIF3 and phytochromes, transgenic lines of
Arabidopsis, expressing PIF3 cDNA sequences in either
the sense or anti-sense orientation, were generated and
assessed for a range of photoresponses known to be
diagnostic for the actions of PhyA and PhyB. For the
photoinhibition of hypocotyl elongation by red light, a
predominantly PhyB-controlled response, the PIF3 over-
expressing lines showed increased light sensitivity,
whereas the under-expressing lines showed a substantial
reduction in light sensitivity. All the transgenic lines
showed wild-type hypocotyl lengths following growth in
the dark, indicating that the mutant phenotype is indeed
light dependent.
The PIF3 under-expressing lines showed a number of
other notable phenotypic features, including a reduced
light-induced hook and early flowering, which are known
to be characteristic of a deficiency in PhyB activity. For
hypocotyl growth inhibition by far-red light, a response
diagnostic of PhyA activity, PIF3 under-expressing lines
showed reduced light sensitivity, whereas over-expressing
lines did not differ significantly from wild type. The PIF3
under-expressing lines also showed alterations in regula-
tion of several photoresponsive genes, consistent with
impairment of PhyA and PhyB activity. These observa-
tions are consistent with the view that PIF3 interacts with
PhyB and PhyA in vivo, and that this interaction is
required for normal signal transduction by these photo-
receptors. The implication is that PIF3 acts either as a
direct signal-transfer intermediate or as a positive regula-
tor of a pathway downstream of both PhyA and PhyB. 
The sequence of PIF3 shows regions of similarity to the
DNA-binding and dimerization domains of basic
helix–loop–helix (bHLH) transcription factors (Figure 2).
PIF3 also has a typical bipartite nuclear localisation signal
motif and a region in the amino-terminal half of the mole-
cule that bears similarity to a single PAS domain. Several
bHLH proteins, including ARNT, Sim and the circadian
clock proteins Clock and Cycle, also contain PAS domains
[9]. The PAS-like domain in PIF3 is most similar to those
of the phytochromes, and it is possible that these domains
mediate the interaction between the two plant proteins.
That the putative nuclear localisation signal in PIF3 is
functional was supported by the finding that fusion pro-
teins consisting of PIF3 linked to the reporter enzyme
GUS localised to the nucleus of transiently transfected
onion epidermal cells. Preliminary experiments indicated
that this localization is not subject to light regulation —
unlike PhyB, which has previously been found to undergo
light-induced translocation from cytoplasm to nucleus [10].
Taken together, these observations suggest the operation
of an extremely abbreviated signalling pathway from light
activation to target gene regulation. One of the models
proposed by the Quail group suggests that, upon Pfr for-
mation, cytoplasmically-localised PhyB is translocated into
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Figure 2
Structural features of the PIF3 protein, depicting the locations of the
PAS-like domain, the nuclear localisation signal (NLS) and the basic
helix–loop—helix (bHLH) domain.
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the nucleus, where it interacts with nuclear PIF3 to initi-
ate signal transduction by interacting with the promoters
of target genes.
An important question that has not yet been addressed is
whether PIF3 interacts differentially with the Pr and Pfr
forms of phytochrome. Other models, consistent with
long-established evidence that PhyA is a constitutively
cytoplasmic protein, have also been proposed. For
example, both phytochrome and PIF3 could be cyto-
plasmic in the dark and Pfr formation might lead to the
translocation of PIF3, or a phytochrome–PIF3 complex, to
the nucleus. In line with this, phytochrome action is
known to induce the translocation of ‘G-box-binding’
transcription factors from the cytoplasm to the nucleus
[11]. The bHLH domain of PIF3 may provide a clue to
the possible identity of the target genes, as it is well-estab-
lished that most bHLH proteins bind as a dimer to DNA
sequences containing the ‘E box’ motif, which has the
core sequence CANNTG [12]. Interestingly, this motif is
common to a large number of plant genes, many of which
are known to be light responsive. 
The identification of PIF3 as a protein that interacts with
both PhyA and PhyB, and that seems to be essential for
normal photoreceptor function, is a major advance in our
understanding of phytochrome action. The work does raise
a number of important questions, however. For example,
the identification of PIF3 appears difficult to reconcile with
data from microinjection experiments which have sug-
gested that certain types of signalling molecule that are well
known in other contexts — G proteins, calcium/calmodulin
and cGMP — are involved in PhyA and PhyB signalling
[13]. How could components of this type fit with a minimal
transduction pathway as outlined above? 
Another difficulty is that the in vitro and in vivo character-
istics of PIF3 are consistent with a common signalling
pathway for PhyA and PhyB, whereas genetic evidence
indicates that the PhyA and PhyB signalling pathways are
separable: mutant plants selectively defective in either
PhyA or PhyB signalling have been identified [14]. Quail
and colleagues [4] suggest this could be explained by the
existence of both shared (such as PIF3) and unique com-
ponents on the PhyA and PhyB pathways. In one version
of this model, the unique components are also proposed to
interact directly with phytochrome. 
There is evidence that other factors do indeed interact
directly with the phytochromes. For example, the blue
light photoreceptor cryptochrome 1 has been shown to
interact with PhyA in the two-hybrid system [15]. Further-
more, cryptochrome 1 has been shown to become phos-
phorylated following interaction with PhyA. It has
recently been established that phytochrome possesses
light-regulated protein kinase activity, and it is speculated
that phosphorylation may be a primary event in phy-
tochrome-induced signal transfer [16]. PIF3 might also be
a substrate for phosphorylation by phytochrome. A final
intriguing possibility, suggested by the sequence similari-
ties discussed above, is that PIF3 might provide a link
between the phytochrome signalling pathway and the cir-
cadian clock machinery.
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